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Differential Contributions of Condensin I
and Condensin II to Mitotic Chromosome
Architecture in Vertebrate Cells
non-SMC subunits, CAP-D2 and CAP-G, share a highly
degenerate repeating motif known as HEAT repeat (Neu-
wald and Hirano, 2000), whereas CAP-H belongs to a
recently defined superfamily of proteins termed kleisins
(Schleiffer et al., 2003). The condensin subunits were
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originally identified as major components of mitoticP.O. Box 100
chromosomes assembled in Xenopus egg extracts (Hir-Cold Spring Harbor, New York 11724
ano and Mitchison, 1994; Hirano et al., 1997). Antibody
blocking and immunodepletion assays demonstrated
that the complex is required for both the establishmentSummary
and maintenance of mitotic chromosome structure in
vitro. Similar complexes have subsequently been identi-The canonical condensin complex (henceforth con-
fied in a number of organisms including Schizosaccha-densin I) plays an essential role in mitotic chromosome
romyces pombe (Sutani et al., 1999), Saccharomycesassembly and segregation from yeast to humans. We
cerevisiae (Freeman et al., 2000), and humans (Schmies-report here the identification of a second condensin
ing et al., 2000; Kimura et al., 2001). Genetic studiescomplex (condensin II) from vertebrate cells. Con-
show that each of the five subunits is essential for viabil-densins I and II share the same pair of structural main-
ity and plays a crucial role in mitotic chromosome archi-tenance of chromosomes (SMC) subunits but contain
tecture and segregation in vivo (Saka et al., 1994; Strun-different sets of non-SMC subunits. siRNA-mediated
nikov et al., 1995; Bhat et al., 1996; Steffensen et al.,depletion of condensin I- or condensin II-specific
2001; Bhalla et al., 2002; Hagstrom et al., 2002; Lavoiesubunits in HeLa cells produces a distinct, highly char-
et al., 2002).acteristic defect in chromosome morphology. Simul-
The SMC core subunits of condensin adopt ataneous depletion of both complexes causes the se-
V-shaped structure composed of two long coiled-coilverest defect. In Xenopus egg extracts, condensin I
arms, each having an ATP binding domain at its distalfunction is predominant, but lack of condensin II re-
end (Melby et al., 1998; Anderson et al., 2002). The non-sults in the formation of irregularly shaped chromo-
SMC subunits bind to the catalytic ends of the SMCsomes. Condensins I and II show different distribu-
dimer. The condensin holocomplex is able to introducetions along the axis of chromosomes assembled in
superhelical tension into DNA in an ATP hydrolysis-vivo and in vitro. We propose that the two condensin
dependent manner, resulting in the formation of positivecomplexes make distinct mechanistic contributions to
supercoils in the presence of topoisomerase I (Kimuramitotic chromosome architecture in vertebrate cells.
and Hirano, 1997; Hagstrom et al., 2002) and of positive
knots in the presence of topoisomerase II (Kimura et al.,Introduction
1999). A study utilizing electron spectroscopic imaging
(ESI) shows that a single condensin complex may beChromosomes undergo progressive structural changes
sufficient to introduce two supercoils into DNA (Bazett-during the cell cycle. At the onset of mitosis, the two
Jones et al., 2002). While this supercoiling activity ofduplicated DNA molecules (sister chromatids) are com-
condensin most likely reflects its enzymatic role in chro-pacted and resolved into two cylindrical structures that
mosome organization, the complex may have an addi-are cytologically distinguishable from each other. This
tional, architectural contribution to this process (Swed-
process, mitotic chromosome assembly or condensa-
low and Hirano, 2003). In fact, recent reports have shown
tion, is an essential prerequisite of the faithful segrega-
that the SMC core subunits of condensin display pro-
tion of sister chromatids in anaphase. Although accumu- tein-protein interactions in the presence of DNA under
lating lines of evidence suggest that a multiprotein certain conditions, resulting in the formation of large
complex called condensin plays a key role in chromo- nucleoprotein complexes (Sakai et al., 2003; Stray and
some condensation, very little is known about how this Lindsley, 2003). In the case of a bacterial SMC homodi-
complex, in concert with other chromosomal proteins mer, ATP binding stimulates such a DNA-dependent
such as topoisomerase II (topo II), actively converts protein-protein interaction (Hirano and Hirano, 1998; Hir-
amorphous interphase chromatin into a well-organized ano et al., 2001). Further support for an architectural
mitotic structure (Nasmyth, 2002; Swedlow and Hir- role comes from the finding that the subunits of con-
ano, 2003). densin are enriched in a subchromosomal fraction
The condensin complex is composed of five subunits. known as the chromosome scaffold (Saitoh et al., 1994;
The two core subunits (CAP-E/SMC2 and CAP-C/SMC4) Maeshima and Laemmli, 2003). It remains to be deter-
belong to a large family of chromosomal ATPases, the mined, however, how the proposed enzymatic and ar-
SMC (structural maintenance of chromosomes) family, chitectural functions of condensin might be coordinated
whose members are involved in many aspects of higher- to establish and maintain mitotic chromosome structure.
order chromosome dynamics (Hirano, 2002; Jessberger, In this study, we report that vertebrate cells possess
2002; Hagstrom and Meyer, 2003). Two of the three a second class of condensin. This complex (termed con-
densin II) shares the same pair of SMC subunits with
the canonical condensin complex (condensin I) but con-*Correspondence: hirano@cshl.org
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tains a different set of non-SMC subunits. We have found sucrose gradient centrifugation, the condensin I-spe-
cific subunits (hCAP-D2, -G, and -H) cosedimented atthat condensins I and II display differential distributions
on the chromosome axis and that depletion of one or a peak of 13S, whereas the condensin II-specific sub-
units (hCAP-D3, -G2, and -H2) comigrated at a peak ofother complex produces a highly characteristic defect
in chromosome morphology in HeLa cells and Xenopus 13.5S (Figure 1D). As expected, the majority of the
SMC core subunits (hCAP-C and -E) sedimented in aegg extracts. We propose that an exquisite balance of
the actions of the two condensin complexes plays a broad region encompassing the two peaks of condensin
I and condensin II. Small amounts of hCAP-C, -E, andfundamental role in shaping the mitotic chromosome.
-D2 were also detectable as slowly sedimenting popula-
tions, as described previously (Kimura et al., 2001).Results
Phylogeny of Condensin I and Condensin IIIdentification and Biochemical Characterization
We have identified a protein complex in Xenopus eggof Condensin II in HeLa Cell Nuclear Extracts
extracts that has identical subunit composition to hu-The human condensin complex is composed of two
man condensin II (see below). The distribution of poten-SMC subunits (hCAP-C/SMC4 and hCAP-E/SMC2) and
tial condensin subunits in other model organisms isthree non-SMC subunits (hCAP-D2, -G, and -H). A data-
summarized in Table 1. Since all of the three non-SMCbase search identified a human open reading frame
subunits specific to condensin II are found in the Arabi-(KIAA0056; 1498 amino acids) that displays a weak simi-
dopsis thaliana genome, it is reasonable to speculatelarity to hCAP-D2. Both polypeptides had a cluster of
that condensin II is widespread among the animalfour HEAT repeats in the C-terminal, homologous region
and plant kingdoms. The Drosophila melanogaster ge-(Figure 1A; also see Supplemental Data online at http://
nome apparently lacks a sequence encoding CAP-G2,www.cell.com/cgi/content/full/115/1/109/DC1; Neu-
whereas none of the condensin II-specific genes is pres-wald and Hirano, 2000). Further analysis identified an-
ent in S. pombe or S. cerevisiae. Intriguingly, the genomeother four HEAT repeats in the central region of the
of Caenorhabditis elegans encodes the three condensinKIAA0056 sequence. In addition, both hCAP-D2 and
II-specific subunits but none of the condensin I-spe-KIAA0056 sequences contain a cluster of potential Cdc2
cific subunits.phosphorylation sites (SP and TP) at their C-terminal
ends. An antibody raised against the C-terminal peptide
sequence of KIAA0056 recognized a single band of165 siRNA-Mediated Depletion of Condensin SMCs
Results in Severe Defects in ChromosomekDa on an immunoblot against HeLa cell nuclear extract
(data not shown). To test whether this polypeptide Assembly in HeLa Cells
To examine the functions of the condensin complexes(named hCAP-D3) associates with the condensin sub-
units, immunoprecipitations were carried out in HeLa in vivo, individual subunits were depleted from HeLa
cells by means of RNA interference (RNAi). First, cellscell nuclear extracts using antibodies against hCAP-G,
-E, and -D3 (Figure 1B). Consistent with our previous were transfected with small interfering RNAs (siRNAs)
specific to the SMC subunits hCAP-C/SMC4 and hCAP-results (Kimura et al., 2001), anti-hCAP-G precipitated
all known subunits of the condensin complex, but not E/SMC2. Neither depletion appeared to block cell cycle
progression as the mitotic indices were indistinguish-hCAP-D3 (Figure 1B, lanes 1 and 5). Anti-hCAP-D3 pre-
cipitated the two SMC subunits (hCAP-C and -E) along able between the SMC-depleted and control cell cul-
tures 24 hr after the second round of transfection. Atwith hCAP-D3 itself but none of the known non-SMC
subunits (hCAP-D2, -G, and -H; Figure 1B, lanes 3 and this time point, the cells were subjected to hypotonic
treatment, fixed, and stained with anti-hCAP-E and7; note that hCAP-C and -D3 comigrate exactly on SDS-
PAGE). Instead, the immunoprecipitate obtained with DAPI. In metaphase cells from the mock-transfected
culture, individual rod-shaped chromosomes were clearlyanti-hCAP-D3 contained two additional polypeptides of
125 kDa and 90 kDa (named hCAP-G2 and -H2, re- seen, and anti-hCAP-E stained an axial structure within
each chromatid (Figure 2A, left). In80% of metaphasespectively), which were also coprecipitated with anti-
hCAP-E (Figure 1B, lane 2). Mass spectrometry analysis cells from the culture transfected with hCAP-E siRNAs,
little, if any, hCAP-E was detectable by immunofluores-identified hCAP-G2 as FLJ20311 (1143 amino acids), a
human sequence of unknown function that contains five cence (Figure 2A, center). Rod-shaped chromosomes
were no longer observed in these cells and, instead,HEAT repeats (Figure 1A). Most recently, Schleiffer et
al. (2003) defined a new superfamily of SMC-interacting DAPI staining revealed cloud-like chromosomes with a
very fuzzy appearance. An indistinguishable phenotypeproteins (termed kleisins) that includes hCAP-H and an
uncharacterized human sequence (termed kleisin ). Im- was observed in the majority of metaphase cells after
treatment with hCAP-C siRNAs. The fuzzy chromatinmunoblotting (Figure 1B, lanes 6–8) and immunoprecipi-
tation (Figure 1B, lanes 4 and 8) using an antibody structures observed in these cells were devoid not only
of hCAP-C itself (Supplemental Figure S2A), but also ofagainst kleisin  indicated that it corresponds to hCAP-
H2. Taking all these results together, we conclude that hCAP-E (Figure 2A, right).
To monitor chromosome morphology in more detail,HeLa cell nuclear extracts contain a second condensin-
like complex, and we refer to this complex as condensin metaphase chromosome spreads were prepared from
the transfected cells by a technique called cytospin (Ex-II. As summarized in Figure 1C, condensin II and the
canonical condensin complex (henceforth condensin I) perimental Procedures) and stained with anti-hCAP-E
and DAPI, as above. The control chromosomes dis-share the same pair of SMC core subunits and contain
a different, yet related, set of non-SMC subunits. played a typical X-shaped structure in which sister chro-
matids were tightly paired at the centromere region.When a HeLa cell nuclear extract was subjected to
Condensins and Chromosome Architecture
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Figure 1. Characterization of Two Condensin Complexes in HeLa Cell Nuclear Extracts
(A) Primary structures of the HEAT-repeat subunits. HEAT repeats are shown by the colored boxes. The region of homology between hCAP-
D2 and hCAP-D3 (KIAA0056) is shaded in yellow. Consensus sites of Cdc2 phosphorylation clustered in the C-terminal domains of hCAP-D2
and hCAP-D3 are indicated by red bars. For sequence alignment, see Supplemental Data (Figure S1).
(B) Condensin complexes were immunoprecipitated from HeLa cell nuclear extracts using antibodies against hCAP-G (lanes 1 and 5), hCAP-E/
SMC2 (lanes 2 and 6), hCAP-D3 (lanes 3 and 7), and hCAP-H2/kleisin  (lanes 4 and 8), and analyzed by silver staining (lanes 1–4) or by
immunoblotting (lanes 5–8) with a mixture of anti-hCAP-C and -E (top); a mixture of anti-hCAP-D2, -D, and -H (middle); or a mixture of anti-
hCAP-D3, -G2, and -H2 (bottom).
(C) Subunit composition of condensin I and condensin II.
(D) A 100 l aliquot of HeLa cell nuclear extracts was loaded on a 5 ml sucrose gradient (5%–20%) and centrifuged at 36,000 rpm for 15 hr
in a SW50.1 rotor. Fractions were analyzed by immunoblotting. The peak positions of condensin I (13S) and condensin II (13.5S) are indicated.
Anti-hCAP-E stained a central axis along the entire severely compromised, and they displayed a squashed
or smeared appearance (Figure 2B, bottom).length of the chromatids (Figure 2B, top). We found that
chromosomes from the hCAP-E-depleted cells were siRNA-mediated depletion of a protein in a cell popu-
lation is often incomplete; in the case of hCAP-E, thevery fragile and highly sensitive to this spreading proce-
dure. The structural integrity of these chromosomes was average degree of depletion under the current condition
Table 1. The Distribution of Condensin Subunits in Model Organisms
Subunits H. sapiens X. laevis A. thaliana D. melanogaster C. elegans S. pombe S. cerevisiae
SMC2 (I  II) hCAP-E XCAP-E AtCAP-E1, DmSMC2 MIX-1 Cut14 Smc2
AtCAP-E2
SMC4 (I  II) hCAP-C XCAP-C AtCAP-C DmSMC4/gluon SMC-4 Cut3 Smc4
HEAT (IA) hCAP-D2 XCAP-D2 CAB72176 CG1911  Cnd1 Ycs4
HEAT (IB) hCAP-G XCAP-G BAB08309 CG17054  Cnd3 Ycs5/Ycg1
Kleisin  (IC) hCAP-H XCAP-H AAC25941 Barren  Cnd2 Brn1
HEAT (IIA) hCAP-D3 XCAP-D3 At4g15890.1 CG31989 HCP-6  
HEAT (IIB) hCAP-G2 XCAP-G2 At1g64960.1  F55C5.4  
Kleisin  (IIC) hCAP-H2 XCAP-H2 At3g16730.1 CG14685 C29E4.2  
Cell
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Figure 2. siRNA-Mediated Depletion of the
SMC Core Subunits in HeLa Cells
(A) Metaphase cells from cultures transfected
with no siRNA (control, left) or siRNAs specific
to hCAP-E/SMC2 (E-dep, center) or hCAP-
C/SMC4 (C-dep, right). After hypotonic treat-
ment, cells were fixed and stained with DAPI
(top) and anti-hCAP-E (bottom). Bar, 5 m.
(B) Chromosome spreads were prepared
from control (top) or hCAP-E-depleted cells
(bottom) and stained with DAPI (left) and anti-
hCAP-E (center). Merged images are shown
in the right panels (DAPI, red; anti-hCAP-E,
green). Bar, 5 m.
(C) Examples of individual chromosomes
found in chromosome spreads prepared from
control cells or hCAP-E-depleted cells and
stained with DAPI (top) and anti-hCAP-E
(middle). Merged images are shown in the
bottom row. In this experiment, the degree
of hCAP-E depletion was modest in 5% of
the cells (the second column from left), inter-
mediate in 15% of the cells (the third col-
umn from left), and complete in 80% of the
cells (the right column). Bar, 1 m.
was80%, as judged by immunoblotting against whole- gest that the SMC core subunits of condensins I and II
play a fundamental role in establishing mitotic chromo-cell extracts (Supplemental Figure S2B). In fact, residual
levels of hCAP-E were detectable on chromosomes in some architecture in human cells.
some metaphase cells after transfection with hCAP-E
siRNAs. This fact allowed us to determine that there Depletion of Condensin I- or Condensin II-Specific
Subunits Causes a Distinct Defectwas a tight correlation between the level of SMC proteins
left on chromosomes and the severity of morphological in Chromosome Morphology
Next, condensin I- and condensin II-specific subunitsdefects. As shown in Figure 2C, chromosomes became
fuzzier and the sister chromatids were less resolved as were depleted individually from HeLa cells using siRNAs
specific to hCAP-G and -G2, respectively. No noticeablethe SMC level decreased. These results strongly sug-
Condensins and Chromosome Architecture
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Figure 3. Depletion of Condensin I- and Condensin II-Specific Subunits in HeLa Cells
(A) HeLa cells were transfected with siRNAs specific to hCAP-G (a) or hCAP-G2 (b). Metaphase chromosome spreads were prepared from
these cells and stained with DAPI (red) and anti-hCAP-E (green). In each depletion, almost identical phenotypes were observed in more than
80% of metaphase cells. The chromosomes inside the white boxes are shown at higher magnification in (B). Bar, 5 m.
(B) Representative examples of chromosomes found in the spreads prepared from control cells (a and e) or cells depleted of hCAP-G (b and
f), hCAP-G2 (c and g), or hCAP-G and -G2 (d and h). The chromosomes were stained with DAPI (a–d) and anti-hCAP-E (e–h). Bar, 1 m.
(C) Metaphase cell from a culture transfected with hCAP-G2 siRNAs. After hypotonic treatment, cells were fixed and stained with DAPI and
anti-hCAP-E. Bar, 5 m.
accumulation of mitotic cells was observed in either somes were often far more separated from each other
than in chromosomes from control cells, whereas cen-case 24 hr after the second round of transfection. Stain-
ing of metaphase chromosome spreads from the trans- tromeric cohesion remained intact (Figures 3Bc and
3Bg). The altered shape of the hCAP-G2-depleted chro-fected cells with anti-hCAP-E and DAPI revealed that
each depletion caused a distinctive defect in chromo- mosomes was also evident in mitotic cells fixed directly
on the coverslip without cytospin. Under this non-some morphology. After depletion of hCAP-G, a con-
densin I-specific subunit, chromatids were somewhat spreading condition, the two chromatids were warped
or bent together to form a roundish chromosome (Figureswollen, as judged by DAPI staining (Figure 3Aa; com-
pare Figures 3Ba and 3Bb). The anti-hCAP-E signals 3C; compare with Figure 2A, left), implying that depletion
of hCAP-G2 strongly affects the physical rigidity of thewere no longer concentrated on the central axis and
instead spanned the whole width of the chromatids in chromatid axis.
When HeLa cells were simultaneously treated witha disorganized pattern (Figure 3Aa; compare Figures
3Be and 3Bf). After depletion of hCAP-G2, a condensin hCAP-G and -G2 siRNAs, we observed fuzzy chromo-
somes that were indistinguishable from those observedII-specific subunit, the hCAP-E signals remained con-
centrated in the central core of the chromatids, but the after SMC depletions (Figure 3Bd). As expected, hCAP-E
was barely detectable on these structures (Figure 3Bh).path of this core had a highly characteristic, curly nature
(Figures 3Ab and 3Bg). The sister arms of these chromo- This result not only confirms the specificity of each
Cell
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Figure 4. Differential Localization of Con-
densin I and Condensin II on HeLa Chromo-
somes
(A) Chromosome selected from a metaphase
chromosome spread that was costained with
DAPI and biotinylated anti-hCAP-G and anti-
hCAP-G2. Merged images are shown in the
right two panels. Bar, 2 m.
(B) Closeups of the chromosomal regions in-
dicated by red boxes in (A). Bar, 2 m.
depletion, but also supports the idea that condensins I (Figure 4B, right). The differential distributions of con-
densins I and II on the chromosomal axis provide addi-and II can be targeted to chromosomes and function
independently of one another (also see Supplemental tional evidence for their distinct mechanistic contribu-
tions to mitotic chromosome architecture.Figure S3). We conclude that the two condensin com-
plexes have nonredundant roles in the organization of
metaphase chromosomes in HeLa cells.
Immunodepletion of Condensin I and Condensin
II from Xenopus Egg Extracts
To extend our analysis of condensin II to the XenopusDifferential Localization of Condensin I
and Condensin II on HeLa Chromosomes egg cell-free system, we identified the cDNAs encoding
the X. laevis orthologs of the condensin II-specific sub-Immunofluorescent staining of HeLa chromosomes re-
veals that hCAP-E is enriched in the central axis of chro- units (XCAP-D3, -G2, and -H2; see Experimental Pro-
cedures). A panel of antibodies was raised againstmosomes, which itself may be organized into a spiral
shape (e.g., Figures 2C and 3Be). Because hCAP-E is synthetic peptides corresponding to the C-terminal se-
quences of these three polypeptides. Reciprocal immu-a common subunit of condensins I and II, the signal
represents their combined distribution. To examine the noprecipitations followed by immunoblotting demon-
strated that Xenopus egg extracts contain a proteinspecific localization of each complex, human chromo-
somes were stained simultaneously with anti-hCAP-G complex whose subunit composition is identical to that
of human condensin II (Figure 5A). The sedimentationand anti-hCAP-G2 (see Experimental Procedures).
Overall, the staining signal obtained with the condensin coefficients of Xenopus condensins I and II are similar
to those of their corresponding human counterpartsI-specific antibody was more robust than that obtained
with the condensin II-specific antibody (Figure 4A). (data not shown).
We then immunodepleted each complex from Xeno-Merged images revealed a distinct distribution of con-
densins I and II along the entire length of the chromatids. pus egg extracts. A mixture of anti-XCAP-G and -D2
removed more than 95% of the condensin I-specificIn some cases, the axes stained with both antibodies
displayed a somewhat bumpy and discontinuous ap- subunits (XCAP-D2, -G, and -H) from an extract without
affecting the levels of the condensin II-specific subunitspearance, and condensin I- and condensin II-enriched
spots alternated along the chromosome arm (Figure 4B, (XCAP-D3, -G2, and -H2; Figure 5B, lane 7). Conversely,
treatment of an extract with anti-XCAP-D3 depleted theleft). In other regions, the axis labeled with anti-hCAP-
G2 was more continuous and located more internally condensin II-, but not the condensin I-, specific subunits
(Figure 5B, lane 8). The level of the two SMC subunits,with respect to the signal obtained with anti-hCAP-G
Condensins and Chromosome Architecture
115
Figure 5. Characterization and Immunode-
pletion of Two Condensin Complexes in Xen-
opus Egg Extracts
(A) Condensin complexes were immunopre-
cipitated from high-speed supernatants
(HSS) of Xenopus egg extracts with anti-
XCAP-E (lane 1), -G (lane 2), -D3 (lane 3), or
-H2 (lane 4) and detected by immunoblotting
with the indicated antibodies.
(B) Mitotic HSS were immunodepleted with
nonimmune IgG (lane 6; mock-dep), a mixture
of anti-XCAP-G and -D2 (lane 7; cond I-dep),
or anti-XCAP-D3 (lane 8; cond II-dep). 1 l
aliquots of the each extract were analyzed by
immunoblotting with the indicated antibod-
ies. To estimate the efficiency of depletion,
increasing volumes of a nondepleted extract
(0.01, 0.05, 0.25, 0.5, and 1 l [lanes 1–5])
were analyzed in parallel.
(C) Mitotic chromosomes were assembled
from sperm nuclei in mitotic HSS that had
been mock depleted (b and d) or depleted of
condensin I (a) or condensin II (c and e). After
2 hr, 1/10 volume of XBE2 containing 0 (a, b,
and c) or 1 M NaCl (d and e) was added to
the assembly mixtures. After 10 min, chromo-
somes were fixed, isolated, and stained
with DAPI (red) and anti-XCAP-G (green). Bar,
5 m.
XCAP-C and -E, was reduced to less than 50% of the no sign of chromosome formation (Figure 5Ca; Hirano
et al., 1997). As expected, this chromatin mass wasoriginal level after depletion of condensin I, but it was
only modestly affected after depletion of condensin II. largely devoid of XCAP-G. In the condensin II-depleted
extract, individual chromosomes were assembled, butPrevious studies had shown that a substantial popula-
tion of XCAP-C and -E (30%–50%) is present as a free their morphology was highly abnormal. These chromo-
somes displayed a wavy appearance, and the XCAP-Gdimer in the extracts (Hirano et al., 1997). Taking these
results together, we estimate that the relative abun- distribution appeared more irregular than in the control
chromosomes (Figure 5Cc). These structural differencesdance of condensin I and condensin II in the Xenopus
egg extracts is 5:1. It is reasonable to speculate that were even more evident when salt (extra 100 mM NaCl)
was added to the assembly mixtures before fixation.the low abundance of condensin II precluded its identifi-
cation during the previous characterization of the con- In the salt-extracted chromosomes from the mock-
depleted extract, condensin I was relocalized and con-densin subunits in Xenopus egg extracts (Hirano et al.,
1997). In contrast, the two complexes are almost equally centrated on the central axis (Figure 5Cd), as we re-
ported previously (Hirano and Mitchison, 1994). This axisabundant in HeLa cell nuclear extracts (Figure 1B,
lane 2). had a smooth and continuous appearance. In contrast,
the condensin I axis within the condensin II-depletedWhen incubated with the mock-depleted extract,
sperm chromatin was efficiently assembled into rod- chromosomes after salt treatment appeared heavily
kinked (Figure 5Ce), a phenotype reminiscent of thatshaped chromosomes that were intensely stained with
an antibody specific to XCAP-G (Figure 5Cb). In the observed after depletion of condensin II in HeLa cells.
Similar defects in chromosome morphology were ob-condensin I-depleted extract, sperm chromatin was
converted into a mass of decondensed chromatin with served when depletion of condensin II from the extracts
Cell
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was carried out with antibodies against XCAP-H2 or a It is therefore possible that the non-SMC subunits modu-
late the action of the SMC heterodimer so that eachmixture of anti-XCAP-H2 and -D3 (data not shown). Im-
munoblotting of chromatin fractions confirmed that con- condensin complex supports a specific set of activities.
An alternative (and perhaps more plausible) scenario isdensin I was loaded onto chromosomes independently
of condensin II and vice versa (Figure 5B, lanes 9–11). that condensins I and II share a similar set of biochemical
activities. In this case, the non-SMC subunits could
regulate the spatial and temporal distribution of eachDistribution of Condensin I and Condensin II
complex. A recent study in S. pombe has reported oneon Mitotic Chromosomes Assembled in Xenopus
remarkable example in which non-SMC subunits deter-Egg Extracts
mine domain-specific distributions of two distinctWe determined the localization of condensins I and II
cohesin complexes in meiosis (Kitajima et al., 2003).on mitotic chromosomes assembled in Xenopus egg
extracts by double immunofluorescent staining. In this
cell-free system, no cell permeabilization step is neces- Differential Contributions of Condensin I
sary, and chromosomes are fixed directly in the assem- and Condensin II to Chromosome Architecture
bly mixture before being spun down onto coverslips. The identification of condensin II has allowed us to probe
This helps preserve the structural integrity of chromo- the molecular architecture of mitotic chromosomes in
somes. Staining with a condensin I-specific antibody greater detail. In the current study, we have combined
revealed a spiral-like structure, whereas the signal ob- two powerful functional assays, one in vivo (siRNA-
tained with a condensin II-specific antibody was clearly mediated depletion in HeLa cells) and the other in vitro
distinct, somewhat irregular, and less continuous (Fig- (immunodepletion in Xenopus egg extracts), to under-
ure 6A). stand the functional collaboration of the two conden-
When 75 mM extra NaCl was added to the extract sin complexes in establishing vertebrate chromosome
after condensation was completed, condensins I and II structure.
became concentrated toward the central axis of chro- siRNA-mediated depletion experiments show that the
mosomes (Figure 6B, middle; compare with the un- SMC core subunits, common to condensins I and II, are
treated chromosomes shown in top). The spiral-like dis- essential for the assembly of metaphase chromosomes
tribution of condensin I was emphasized, and the in HeLa cells. Depletion of either one of the two SMC
condensin II signal appeared more continuous. When a subunits produced fuzzy, cloud-like chromosomes in
higher concentration of extra NaCl (100 mM) was added, which no sister chromatids were discernible. These de-
both condensin complexes became even more narrowly fects appear to be far severer than those observed in
concentrated onto the central axis, which now displayed Drosophila smc4 mutants (Steffensen et al., 2001). Dif-
a very uniform staining (Figure 6B, bottom). Under the ferences in the extent of depletion of the SMC subunit
conditions tested, condensin II was consistently found achieved in the two studies could explain this discrep-
to be inner with respect to condensin I (Figure 6C). Thus, ancy, at least in part. Indeed, our data demonstrate a
the relative distribution of condensin I and condensin II clear dose-dependent contribution of SMCs to mitotic
is largely comparable in the chromosomes assembled chromosome architecture (Figure 2C). On the other
in vivo and in vitro. hand, depletion of condensin I- or condensin II-specific
subunits produces a highly characteristic chromosome
morphology, i.e., swollen or curly chromosomes, re-Discussion
spectively. These results strongly suggest that the
two condensin complexes together not only facilitateCondensin II, a Second Condensin Complex
Widely Present in Higher Eukaryotes chromosome compaction, but also play direct roles in
determining the cylindrical shape of metaphase chroma-The subunit composition of the canonical condensin
complex (condensin I) is highly conserved from yeast tids. Not surprisingly, the observed defects in chromo-
some organization in the absence of condensin functionto humans, with the notable exception of C. elegans. In
the current study, we have found that human and Xeno- lead to a variety of segregation defects during anaphase
(T.O., unpublished data).pus cells have a second condensin complex (condensin
II), which shares the same pair of SMC subunits with In the in vitro assay using Xenopus egg extracts, the
function of condensin I appears to be predominant. Ourcondensin I but contains a different set of non-SMC
subunits. While the non-SMC subunits present in the two previous results showed that immunodepletion of all
condensin subunits (including the SMC core subunits)condensin complexes display only limited similarities at
the primary sequence level, their domain organizations from the extracts resulted in a complete failure of chro-
mosome assembly. Depletion of condensin I aloneare similar to each other: CAP-D3 and CAP-G2 are HEAT
repeat proteins and are distantly related to CAP-D2 and caused a similar yet slightly milder defect, producing
a poorly resolved, axis-like structure within a mass ofCAP-G, respectively, whereas CAP-H and CAP-H2 be-
long to a recently defined superfamily of proteins termed decondensed chromatin (Hirano et al., 1997). Our prelim-
inary data show that such axis-like structures do indeedkleisins (Schleiffer et al., 2003).
A critical question that remains to be answered is to contain condensin II, thereby providing an explanation
for the different morphologies observed under the twowhat extent condensins I and II might share a mecha-
nism of action. We have shown previously that the SMC conditions. Although condensin II alone is unable to
support the assembly of individual chromosomes in theheterodimer alone does not support the full activities
found in the holocomplex of condensin I, such as DNA- cell-free extracts, it plays a crucial role in determining
the final shape of chromosomes. The curly chromo-stimulated ATPase and ATP-dependent positive su-
percoiling/knotting of DNA (Kimura and Hirano, 2000). somes assembled in the condensin II-depleted extract
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Figure 6. Differential Localization of Con-
densin I and Condensin II on Chromosomes
Assembled in Xenopus Egg Extracts
(A) Chromosomes were assembled from
sperm nuclei in mitotic HSS, and fixed and
stained with DAPI, anti-XCAP-G, and biotinyl-
ated anti- XCAP-D3. Merged images are also
shown in the right two panels. Bar, 5 m.
(B) Chromosomes were assembled in mitotic
HSS as in (A), and extra concentrations of
NaCl were added to the assembly mixtures
(0 mM, top; 75 mM, middle; 100 mM, bottom)
10 min before fixation. Chromosomes were
stained with DAPI, Alexa 488-labeled anti-
XCAP-G, and biotinylated anti-XCAP-G2.
Bar, 5 m.
(C) Closeups of the chromosomal regions in-
dicated by red boxes in (B). Bar, 1 m.
resemble those observed in human cells depleted of two complexes are loaded onto chromosomes indepen-
dently of each other. This is also the case in vivo, ascondensin II. Thus, the function of condensin II is funda-
mentally similar in the embryonic and somatic systems. judged by immunostaining of condensin I-depleted
chromosomes with condensin II-specific antibodies andIt is interesting to note that the relative abundance of
condensin I and condensin II in HeLa cells and Xenopus vice versa.
Although it is unknown how a chromatin fiber is orga-eggs appears to correlate with the magnitude of their
functional contribution to chromosome architecture. nized into a rod-shaped chromatid (reviewed by
Swedlow and Hirano, 2003), a number of cytological
studies suggest that the final stage of metaphase chro-Distinct Distributions of Condensin I
and Condensin II on Mitotic Chromosomes mosome condensation might involve coiling of a pro-
phase chromatin fiber (Ohnuki, 1968; Rattner and Lin,Consistent with the functional data, condensin I and
condensin II display distinct distributions along the arms 1985; Boy de la Tour and Laemmli, 1988; Dietzel and
Belmont, 2001). In fact, anti-SMC antibodies detect aof chromosomes assembled in vivo and in vitro. Bio-
chemical studies in Xenopus egg extracts show that the spiral-like structure in the central axis of chromosomes,
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known to be longer and thinner than those in somatic
cells (Belmont et al., 1987). Moreover, measurements of
the mechanical properties of chromosomes point out
that somatic chromosomes are stiffer than embryonic
ones (Marshall et al., 2001; Poirier et al., 2002). We spec-
ulate that condensin II evolved to provide chromosomes
with an additional level of organization and rigidity in
organisms with large genomes. This idea is consistent
with the fact that this complex is absent from yeast
chromosomes. On the other hand, it will be interesting
to address whether the apparent substitution of con-
densin II for condensin I in C. elegans might be related
to the unique holocentric nature of the chromosomes
Figure 7. Models for Condensin-Based Chromosome Architecture
in this organism (Hagstrom et al., 2002; Stear and
Condensin I (blue) and condensin II (magenta) each may form a
Roth, 2002).spiral structure along the chromosome axis (model I) or may alter-
Secondly, our data suggest that in higher eukaryotes,nate along a single spiral structure (model II). See text for details.
the chromatid axis is a mosaic structure composed of
condensin I- and condensin II-rich domains. The curly
chromosomes assembled in the absence of condensinalthough its precise conformation remains to be deter-
II are reminiscent of the coiled chromosomes docu-mined by high-resolution analysis. These considerations
mented by classical cytology as a relatively rare struc-and observations lead us to propose two models of how
ture that can be observed only after drastic mechanicalthe two condensin complexes might collaborate to build
or chemical treatments (reviewed by Sumner, 2003). Itup a chromosome. The first model hypothesizes that
is therefore tempting to speculate that such treatmentscondensins I and II form independent spiral structures
might selectively remove or inactivate condensin II. It isalong the chromosomal axis. The condensin II-based
also known that a coiled structure is more frequentlystructure may be more internally located and help orga-
and more readily observed in certain tumor cell linesnize and stabilize the condensin I-based structure (Fig-
(e.g., Rattner and Lin, 1985). It will be of great interesture 7, model I). In the second model, the two condensin
to test whether some of the condensin II-specific sub-complexes alternate along a single spiral (Figure 7,
units are downregulated in these particular cell lines.model II). In both models, condensin I would act as the
Thirdly, the essential roles of condensin subunits inprimary organizer of chromatin fibers, whereas con-
meiotic chromosome dynamics have just begun to bedensin II would play an additional, architectural role in
addressed in genetic studies of some model organisms,determining the final shape of chromosomes. In the ab-
such as Arabidopsis (Siddiqui et al., 2003) and C. eleganssence of condensin II, the condensin I-based structure
(Hagstrom et al., 2002). The identification of a secondwould be loosened, resulting in the formation of curly
condensin complex raises the possibility that multipleor wavy chromosomes (Figure 7, right, top). In the ab-
forms of condensin participate also in meiotic chromo-sence of condensin I, the structural integrity of the chro-
some assembly and segregation. Given the expandingmosome would be more severely disrupted (Figure 7,
repertoire of meiotic cohesins (Klein et al., 1999; Prietoright, bottom). To test and refine these models in the
et al., 2001; Revenkova et al., 2001; Kitajima et al., 2003),future, we need to determine the precise kinetics and
it is conceivable that some of the condensin complexesdistributions of the two complexes by a variety of tech-
might contain yet-to-be-identified meiosis-specific sub-niques, including immunoelectron microscopy and ge-
units.nome-wide chromatin immunoprecipitations.
Most recently, Maeshima and Laemmli (2003) re-
ported an alternate distribution of topo II and some con- Experimental Procedures
densin subunits along the chromosome axis. We have
Reagentsperformed double staining of mitotic chromosomes (as-
Rabbit polyclonal antisera were raised against synthetic peptidessembled both in vivo and in vitro) with a combination
corresponding to the carboxy-terminal amino acid sequences
of anti-topo II and either anti-condensin I or anti-con- of hCAP-D3/KIAA0056 (SRRSLRKTPLKTAN), hCAP-G2/FLJ20311
densin II antibodies, but the current data do not allow (YESSSRTLGELLNS), hCAP-H2/kleisin  (KRFQTYAAPSMAQP;
Schleiffer et al., 2003), XCAP-D3 (RQRISGKAPLKPSN), XCAP-G2/us to unambiguously determine the relative distribution
BQ730879 (ESSMRILNEMLHPS), and XCAP-H2/AW642454 (ERFKof the three components (T.O. and A.L., unpublished
TYTAPSISQQ). Because no information for the C-terminal aminodata).
acid sequence of XCAP-D3 was available from the databases, we
cloned a cDNA fragment with the strategy described in the Supple-
Implications in Chromosome Biology mental Data. Rabbit polyclonal antisera were also raised against
The discovery of condensin II has broad implications in recombinant fragments of hCAP-D3 (amino acids 1249–1498),
hCAP-G2 (amino acids 841–1143), and hCAP-H2/kleisin  (aminomany aspects of chromosome biology. Firstly, our re-
acids 383–605) and used in some of the experiments. Immunizationsults suggest that the ratio of condensin I and condensin
and affinity purification procedures have been described previouslyofII may change during the development of an organism
(Hirano et al., 1997). Other antibodies used in this study were asand may be variable among different organisms. Thus,
follows: anti-hCAP-C, -E, -D2, -G, and -H (Kimura et al., 2001) and
this ratio could act as a key determinant of the shape anti-XCAP-C, -E, -D2, -G, and -H (Hirano and Mitchison, 1994; Hirano
and physical properties of chromosomes. For example, et al., 1997). siRNA duplexes were purchased from Dharmacon Re-
search. The sequences of the sense strand were as follows: hCAP-Emetaphase chromosomes in early embryonic cells are
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(RE-1, 5-UGCUAUCACUGGCUUAAAUTT-3; RE-2, 5-CAUAUUG reactions were processed according to methods described in Hirano
et al. (1997).GACUCCAUCUGCTT-3), hCAP-C (RC-1, 5-UGACCAAUGAAG
CUGGAGCTT-3; RC-2, 5-GGAUGUUGGAAAUCUUCUUTT-3),
Biochemical and Morphological Analysis of ChromosomeshCAP-G (RG-1, 5-UCAGAUAUGGAAGAUGAUGTT-3; RG-2, 5-GUC
Assembled In VitroUCAUGAAGCAAACAGCTT-3), and hCAP-G2 (RG2-1, 5-UGAUUG
Mitotic chromosomes were assembled in vitro by adding XenopusCAUCCAGGACUUCTT-3 and RG2-2, 5-CUCUGAAGUUCGAU
sperm nuclei to a mitotic HSS (3000 nuclei/l extract) that had beenCAAAUTT-3).
diluted 2-fold with XBE5 (XBE2 containing 5 mM instead of 2 mM
MgCl2) and supplemented with an energy mix (1 mM MgATP, 10Biochemical Characterization of the Human
mM creatine phosphate, and 50g/ml creatine kinase). After incuba-
Condensin Complexes
tion at 22C for 2 hr, 30 l samples were placed on ice for 10 min,
HeLa cell nuclear extracts were prepared as described previously
diluted 5-fold with cold XBE2 buffer, and chromatin fractions were
(Losada et al., 2000) in a buffer containing 20 mM K-Hepes (pH 8.0),
isolated by centrifugation as described previously (MacCallum et
100 mM KCl, 2 mM MgCl2, 0.2 mM EDTA, 0.5 mM PMSF, 1 mM al., 2002). To examine chromosome morphology by immunofluores-
-mercaptoethanol, and 10% glycerol. For immunoprecipitations, cence, 10 l aliquots of assembly mixtures (1000 nuclei/l) prepared
2.5 g each of affinity-purified antibodies was added to a 100 l as above were fixed with 100 l of 2% paraformaldehyde in XBE2
aliquot of extract and incubated at 4C for 1.5 hr. Immunoprecipi- containing 0.1% Triton X-100 for 10 min at room temperature, centri-
tates were recovered on protein A-agarose beads (Invitrogen), fuged onto coverslips, and processed for immunofluorescence. In
washed three times with TBS containing 0.2% Triton X-100 and once some experiments, chromosomes were treated with salt for 10 min
with TBS, and fractionated by 7.5% SDS-PAGE. Sucrose gradient before fixation by addition of 1/10 volume of XBE2 containing 0.75M
centrifugation was done as described previously (Hirano et al., 1997; or 1M NaCl to the assembly mixture.
Kimura et al., 2001). For mass spectrometry, protein bands were
excised from a gel stained with GelCode Blue Stain Reagent (Pierce) Double Immunostaining of Condensin I and Condensin II
and processed for in-gel trypsin digestion using standard protocols. To perform double immunostaining of chromosomes with rabbit
The digests were concentrated and purified using C18-Ziptips (Milli- antibodies against condensin I and condensin II subunits, two strat-
pore) according to the manufacturer’s protocol. The resulting pep- egies were used. In the first one, coverslips were incubated with an
tides were mixed with 	-cyano-4-hydroxycinnamic acid, analyzed unlabeled rabbit primary antibody (e.g., anti-XCAP-G2), followed by
by MALDI-TOF mass spectrometry, and the data were analyzed incubation with fluorescein (FITC)- or rhodamine (TRITC)-conju-
using the PROFOUND search engine (Zhang and Chait, 2000). We gated donkey anti-rabbit secondary antibody (Jackson ImmunoRe-
analyzed 27 peptides derived from hCAP-G2 and identified it as search). The coverslips were treated with 1 mg/ml nonimmune rabbit
FLJ20311 with a PROFOUND score of 6.7 
 107. IgG to saturate open IgG binding sites on the secondary antibody
and then incubated with another primary antibody (e.g., XCAP-G)
that had been either directly labeled with Alexa Fluor 488 (using asiRNA-Mediated Depletion of Condensin Subunits
kit from Molecular Probes) or conjugated to biotin-(long arm)-NHSin HeLa Cells
following the manufacturer’s instructions (Vector Laboratories). InHeLa cells were grown on poly-L-lysine coated coverslips and trans-
the latter case, an additional incubation with Cy3- or FITC-avidinfected with 120 nM RNA duplexes using Oligofectamine (Invitrogen)
was required. In the second strategy, the use of a fluorophore-at 0 and 24 hr at 20% starting confluency (Elbashir et al., 2001).
conjugated, anti-rabbit secondary antibody was avoided. Instead,The transfected cells were processed for further analyses at 48 hr.
one primary antibody was labeled with Alexa Fluor 488, and theWe designed and tested a pair of RNA oligos for depletion of each
other was biotinylated and detected with Cy3-avidin. All incubations
subunit. With the exception of RC-1, the two duplexes depleted the
were performed in a humid chamber for 1 hr at room temperature
target subunits with similar efficiency, as judged by immunoblotting,
with the exception of incubation with anti-XCAP-G2, which was
and produced almost identical morphological phenotypes. Control
extended to 12–16 hr. After counter staining with DAPI, coverslips
cells were transfected with a mixture containing no RNA. were mounted on slides with Vectashield and examined with a Zeiss
Axioskop microscope equipped with a cooled charge-coupled de-
vice (CCD) camera. Grayscale images were pseudocolored andImmunofluorescent Staining of HeLa Cells
merged using Adobe Photoshop.and Chromosomes
HeLa cells on coverslips were treated with 60 mM KCl at room
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